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In the present work, we investigate the electronic transport through a T-shape double quantum
dot system coupled to two normal leads and to one superconducting lead. We explore the interplay
between Kondo and Andreev states due to proximity effects. We find that Kondo resonance is
modified by the Andreev bound states, which manifest through Fano antiresonances in the local
density of states of the embedded quantum dot and normal transmission. This means that there is
a correlation between Andreev bound states and Fano resonances that is robust under the influence
of high electronic correlation. We have also found that the dominant couplings at the quantum
dots are characterized by a crossover region that defines the range where the Fano-Kondo and the
Andreev-Kondo effect prevail in each quantum dot. Likewise, we find that the interaction between
Kondo and Andreev bound states has a notable influence on the Andreev transport.
PACS numbers: 73.63.Kv, 73.23.-b, 74.45.+c, 72.15.Qm
I. INTRODUCTION
Superconductivity is a macroscopic quantum phe-
nomenon involving large number of electrons1. As de-
scribed by Bardeen, Cooper, and Schrieffer (BCS)2 elec-
trons in condensed matter with an attractive interaction
condense into a superconducting state below a critical
temperature, referred to as the BCS state. In this state,
electrons with antiparallel spins form singlet bound states
(S = 0) known as Cooper pairs. This pair formation is
a fermionic many-body phenomenon as it relies on the
existence of a Fermi surface. In contrast, electrons in
the normal (N) phase of metals behave very differently
to those in the superconducting phase. For example, it
is possible to trap small numbers of electrons in sub-
micrometer-sized boxes known as quantum dots, which
are systems in which electrons are confined in all space
dimensions and as a consequence of this confinement en-
ergy and charge are quantized.3,4 This confinement can,
under appropriate conditions, generate highly correlated
ground states, like the Kondo state.
Fascinating physical properties and interesting de-
vice applications arise when the ability to control sin-
gle electrons in quantum dots is linked with super-
conductivity. One of these properties is the so-called
proximity effect, whose most important characteris-
tic is the Andreev reflection, which takes place in
a normal-metal/superconductor interface (NS). In An-
dreev reflections5, an electron, in the normal metal side,
with an energy in the superconducting gap is reflected
at the interface as a hole. The corresponding charge 2e
is transferred to the Cooper pair which appears on the
superconducting side of the interface6. Hence, the single
electron states of the normal metal are converted into
Cooper pairs in the superconductor [Fig. 1(b)]. Andreev
reflection plays an important role for the understanding
of quantum transport properties of NS systems. More-
over, in zero dimensional structures, as quantum dots,
this process can give rise to discrete entangled electron-
hole states confined to the quantum dot, called Andreev
bound states (ABS).7 Since it was realized that Majorana
fermions may be used for fault-tolerant quantum compu-
tation, there has been renewed interest in Andreev bound
states, as Majorana fermions are zero-energy Andreev
2bound states that exist at the surface (or in a vortex
core) of a topological superconductor.8–10
A singlet ground state due to many-body effects also
occurs in a quite different situation, when a magnetic
impurity is embedded in a metallic host.11,12 This state,
known as a Kondo singlet, occurs because the electrons
in the metal at low temperature experience a large ef-
fective coupling to the localized impurity spin. As a
consequence, it is energetically favorable to screen the
local moment, resulting in a (Kondo) singlet state (S =
0)13 universally characterized by the Kondo temperature
TK . The Kondo effect produces a signature in the elec-
tronic spectral density in the form of a resonance peak at
the Fermi energy.14 The competition between Kondo and
Fano effect15 has also been investigated.16,17 In this case
the Kondo resonance line shape is appreciably modified
by the Fano effect. In particular, side coupled double
quantum dots have been widely reviewed18–20 since it al-
lows the study of the interference between two transmis-
sion channels, a resonant and a non-resonant one. The
study of this kind of systems reveals an interesting inter-
play between many-particle effects and quantum inter-
ference.
On the other hand, BCS superconductivity and the
Kondo effect have been extensively studied. The inter-
action and competition of these two effects in hybrid
superconductor nanostructures have attracted a lot of
interest lately. The interplay between the Kondo ef-
fect and superconductivity in normal metal/quantum
dot/superconductor (N-QD-S) devices, has been investi-
gated recently because the subgap transport shows very
rich features.21–27 A number of works have addressed the
problem of an Anderson impurity coupled to a single su-
perconductor, either by numerical renormalization group
(NRG) calculations13 or auxiliary-boson methods28 and
have explored the intricate competition between Cooper-
pairing and local correlations.29
In the present paper we study the electronic trans-
port through a system of two quantum dots coupled
in T-shape geometry to two metallic leads and one su-
perconducting (SC) lead [Fig. 1(a)] The study of this
setup is encouraged by the assumption that the T-shape
double quantum dot system will be a good system to
study the interplay between the Kondo physics, Andreev
bound states and Fano effect. In fact, we show that
the Kondo resonance is modified by the Andreev bound
states, which manifest through Fano antiresonances in
the local density of states of the embedded quantum dot
and normal transmission. Besides, we find that the sys-
tem shows a crossover region, when coupling to the SC
lead is varied, where the Fano-Kondo and the Andreev-
Kondo effect prevail in each quantum dot. Previous
work, related to ours, includes Ref. 30, where the authors
study a double dot in T-shape geometry sandwiched be-
tween normal and SC leads.
The paper is organized as follows. In Sec. II we de-
scribe the model to study the (L,R)−QD2−QD1− S
system. We also outline the mean field slave bosons ap-
proach, as well as the theoretical framework based on the
non-equilibrium Green’s function techniques. In Sec. III,
we discuss the numerical results obtained and, finally, a
brief summary is given.
II. DESCRIPTION OF THE MODEL
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FIG. 1. a) Schematic view of T-shape DQD system coupled
to left (L) and right (R) normal leads and an SC lead (S) with
an interdot coupling denoted by t. b) Andreev reflection: the
electron (e) is reflected as a hole (h) with the same momentum
and opposite velocity. The missing charge of 2e is absorbed
as a Cooper pair by the superconductor.
In this paper we consider a system composed by a T-
shape double quantum dot, with a single-level in each
quantum dot, which are coupled to two normal metal-
lic leads and to an SC lead, (L,R) − QD2 − QD1 − S,
as shown in Fig. 1(a). We consider a strong intradot
Coulomb interaction U in the embedded quantum dot
QD2. In our model the double quantum dot is modeled
by a two impurity Anderson Hamiltonian and the Hamil-
tonian for the whole system can be written as:
H = HL +HR +HS +Hdot +HT . (1)
where HL(R) is the Hamiltonian for the left (right) nor-
mal lead, which is given by
HL(R) =
∑
kL(R)σ
ǫkL(R)C
†
kL(R)σ
CkL(R)σ , (2)
being C†kL(R)σ and CkL(R)σ creation and annihilation op-
erator for electrons with momentum kL(R) and spin σ in
the metallic lead L(R), respectively. The standard BCS
Hamiltonian for the SC lead is
HS =
∑
kSσ
ǫkSC
†
kSσ
CkSσ +
∑
kS
∆
(
C†kS↑C
†
−kS↓ + h.c.
)
,
(3)
where C†kSσ and CkSσ are the creation and annihilation
operators for electrons in the SC lead, while ∆ is the
superconducting gap function which is assumed to be s-
wave, i.e., k-independent and real (∆† = ∆). The Hamil-
tonian for the double quantum dot is given by
Hdot =
∑
iσ
ǫid
†
iσdiσ + U n2↑n2↓ , (4)
3d†iσ(diσ) being the creation (annihilation) operator for
electrons in the quantum dot level ǫi (i = 1, 2). U2 ≡ U
is the intradot Coulomb interaction in the QD2 and we
set U1 = 0. Finally, the tunneling between the QD’s and
leads is described by
HT =
∑
σ
t
(
d†1σd2σ + d
†
2σd1σ
)
+
∑
kL(R)σ
(
VkL(R)C
†
kL(R)σ
d2σ + h.c.
)
+
∑
kSσ
(
VkSC
†
kSσ
d1σ + h.c.
)
. (5)
The embedded quantum dot (QD2) is coupled to the side-
coupled quantum dot (QD1) via the interdot coupling t,
which is taken as being a real parameter. VkL(R) and VkS
are the coupling between left (right) normal lead and
QD2 and between SC lead and QD1, respectively. We
consider the density of states describing the left (right)
lead ρL(R) as being constant and equal to 1/D, where D
is the lead bandwidth. The coupling strength between
QD2 and the leads is given by ΓL(R) = 2πρL(R)V
2
kL(R)
.
In the following analysis, we consider U sufficiently
large (U → ∞) so that the double occupancy in QD2
is forbidden. Hence, we will employ a simple mean field
approach known as slave-boson mean field approxima-
tion (SBMFA). This method was introduced by Coleman
for the Anderson model31 and is based on the introduc-
tion of auxiliary boson fields b†0, b0, which act as pro-
jector onto the empty impurity state. In addition, f †2σ
(f2σ) is the creation (annihilation) operator for pseudo-
fermions introduced to describe singly occupied states
in QD2. Therefore, the creation (annihilation) oper-
ator for electrons in QD2, d†2σ (d2σ) is then replaced
by f †2σb2 (b
†
2f2σ). In order to avoid double occupation,
these operators should satisfy the completeness relation
b†2b2 +
∑
f †2σf2σ = 1.
The mean field approximation (MFA) is based on re-
placing the boson field b2 and b
†
2 by their expectation
values 〈b†2〉 = 〈b2〉 ≡ b˜2 in the Hamiltonian. Hence, intro-
ducing the renormalized parameters ǫ˜2 = ǫ2 + λ, t˜ = b˜2 t
and V˜kL(R) = b˜2VkL(R) the mean field Hamiltonian can be
written as
HMFA =
∑
kL(R)σ
(
ǫkL(R)σC
†
kL(R)σ
CkL(R)σ
)
+
∑
kSσ
(
ǫkSσC
†
kSσ
CkSσ
)
+
∑
kS
(
∆C†kS↑C
†
−kS↓ + h.c
)
+
∑
σ
(
ǫ˜2f
†
2σf2σ + ǫ1d
†
1σd1σ
)
+
∑
σ
(
t˜ d†1σf2σ + h.c
)
+
∑
kL(R)σ
(
V˜kL(R)C
†
kL(R)σ
f2σ + h.c
)
+
∑
kSσ
(
VkSC
†
kSσ
d1σ + h.c
)
+ λ
(
b22 − 1
)
, (6)
where HMFA is a single particle Hamiltonian which de-
pends of the unknown parameters b˜2 and λ. These pa-
rameters can be determined by minimizing the ground
state energy of the effective MFA Hamiltonian with re-
spect to b˜2 and λ. Conditions for minimal energy to-
gether with the application of the Hellmann-Feynman
theorem
(
∂
∂x 〈H〉 = 〈
∂
∂xH〉
)
to the Hamiltonian, gives a
set of self-consistent equations, which can be written in
terms of the lesser Green’s functions as follows32
−
∑
σ
ı˙
∫ ∞
−∞
dω
2π
〈〈f2σ, f
†
2σ〉〉
<
ω + b˜
2
2 = 1 , (7)
−
∑
σ
ı˙
∫ ∞
−∞
dω
2π
(ω − ǫ˜2) 〈〈f2σ, f
†
2σ〉〉
<
ω + λ b˜
2
2 = 0 . (8)
When QD1 is decoupled from QD2, the Kondo tem-
perature of QD2 at equilibrium is given by T 0K =
De−π|ǫ2−EF |/Γ, where Γ = ΓL+ΓR. The self-consistently
determined parameters ǫ˜2 and Γ˜L(R) = b˜
2
2ΓL(R) give the
position and the width of the Kondo peak in QD2.33 To
solve (7) and (8) we still need to determine the lesser
Green’s function 〈〈f2σ , f
†
2σ〉〉
<
ω . In order to obtain the
Green’s functions for the system, we use the Equation of
Motion (EOM) method, in which the Green’s functions
can be written in a compact matrix form as the Dyson
equation Grj,σ = g
r
j,σ + g
r
j,σ Σ
r
j G
r
j,σ, where g
r
j,σ is the
Green’s functions for a non-interacting QD and Σr the
retarded self-energy. At this point is useful introduce the
Nambu spinor notation, in which the retarded and lesser
Green’s functions can be written as34
Gr(t, t′) = −ı˙θ(t− t′)〈Ψ(t),Ψ†(t′)〉 , (9)
G< (t, t′) = ı˙〈Ψ† (t′) Ψ (t)〉 , (10)
where Ψ†1 =
(
d†1↑, d1↓
)
and Ψ†2 =
(
d†2↑, d2↓
)
.
The lesser Green’s function for both quantum dots can
be calculated using
G<2(1)(ω) = G
r
2(1) (ω)Σ
<
2(1)T (ω)G
a
2(1) (ω) , (11)
where the self-energy for QD2 can be written as
Σ<2T = Σ
<
L +Σ
<
R + t
†Gr1bareΣ
<
SG
a
1baret , (12)
and that for QD1 as
Σ<1T = Σ
<
S + t
†Gr2bare
(
Σ<L +Σ
<
R
)
Ga2baret . (13)
In eqs. (12) and (13) G
r(a)
1bare and G
r(a)
2bare refers to
the retarded (advanced) “bare” Green’s function of the
4systems constituted by SC − QD1 and L − QD2 − R
respectively. Besides, the self-energies Σ<L(R), Σ
<
S are
obtained by using the fluctuation-dissipation theorem
Σ<i = Fi (ω) [Σ
a
i −Σ
r
i ], where i = L,R or S. With Fi
the Fermi matrix given by35
Fi (ω) =
(
fi 0
0 f i
)
, (14)
where the Fermi functions are defined as fi = f (ω − µi)
and f i = f (ω + µi) for i = L,R and fi = f (ω) for
i = S. The retarded (advanced) self-energies for the
normal leads L and R can be written as follows
Σ
r(a)
L(R) = ∓ı˙
ΓL(R)
2
(
1 0
0 1
)
. (15)
For the SC lead, the corresponding retarded self-energy
is
ΣrS = −ı˙
ΓS
2
ρ (ω)
(
1 ∆ω
∆
ω 1
)
, (16)
where ρ (ω) is the modified BCS density of states, with
the imaginary part accounting for the Andreev states
within the gap. ρ (ω) =
[
−ı˙ ω θ(∆−|ω|)√
∆2−ω2 + |ω|
θ(|ω|−∆)√
ω2−∆2
]
.
After a straightforward calculation, we obtain the nor-
mal current, ILR, and the Andreev current, IA
ILR =
2e
h
∫
dω TLR (ω) (fL − fR) ,
IA =
2e
h
∫
dω TA (ω)
(
fL − fL
)
, (17)
the Fermi distributions fL = fL (ω − µL) and fR =
fR (ω − µR) are the corresponding distributions for elec-
trons in the leads L and R and fL = fL (ω + µL) is
the Fermi distribution for holes. The chemical poten-
tials µL and µR are fixed by the applied bias VL = +
V
2
and VR = −
V
2 , while the superconductor chemical po-
tential µS is set to zero
36. TLR(ω) is the transmission
between normal leads (L and R), given by TLR(ω) =
Γ˜LΓ˜R|G2,11 (ω) |
2. The Andreev transmission is given
by37 TA(ω) = Γ˜
2
L|G2,12 (ω) |
2. The index j in the Green’s
function Gj,αβ denotes the QD site while the labels α, β
denote the elements of the matrix in the Nambu spinor
space. Notice that TA (ω) is an even function of ω be-
cause the Andreev scattering involves both the particle
and hole degrees of freedom. The retarded Green’s func-
tions for QD2 and QD1 were presented in a previous work
by some of the authors.38
III. RESULTS
In this section we discuss the transport properties at
zero temperature (T = 0). In what follows we will con-
sider ΓL as the energy unit and EF = 0. We have taken
D = 60ΓL and the energy level of the embedded QD is
fixed at ǫ2 = −3.5ΓL. We also consider the coupling be-
tween dots t = 0.02ΓL and ΓR = ΓL. At the equilibrium
and without interdot coupling, the Kondo temperature
T 0K of QD2 is approximately 10
−3ΓL.
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FIG. 2. (Color Online) LDOS as a function of energy (ω)
for ǫ1 = EF = 0, ǫ2 = −3.5ΓL, ∆ = 0.5T
0
K , t = 0.02ΓL
and ΓR = ΓL. a) and b) shows the LDOS for QD2 and QD1
respectively for several values of ΓS : ΓS = 0 [solid (blue) line],
ΓS = 0.25T
0
K [long dashed (red) line], ΓS = 0.8T
0
K [dashed
(magenta) line], ΓS = 1.5T
0
K [dotted dashed (green) line],
ΓS = 3T
0
K [double dotted dashed (orange) line] and ΓS =
10T 0K [dotted (black) line]. Panels c) and d) show the density
plot of the LDOS for QD2 and QD1 respectively.
Fig. 2 shows the local density of states (LDOS) for QD2
[panel (a)] and QD1 [panel (b)] for several values of the
coupling ΓS between QD1 and the SC lead (∆ = 0.5×T
0
K
for all curves). It is well-known that when ΓS = 0 and
ǫ1 = 0, the LDOS of the embedded quantum dot (QD2)
takes the form of a symmetric antiresonance [solid (blue)
curve in panel (a)]. This antiresonance, which may be
considered as a Fano-like structure (a suppression of the
LDOS at and around EF in QD2), is caused by destruc-
tive interference between two conduction channels con-
necting leads L and R: one that passes straight through
QD2, and another that ‘visits’ QD1. In other words,
the behavior of the LDOS of QD2 is a consequence of
the Kondo effect modified by interference effects, which
is clearly seen in the LDOS shown in Fig. 2(a). When
the coupling between the SC lead and QD2 is turned
on [long dashed (red) line], two small kinks, located at
the edges of the superconductor gap (ω = ±∆) develop,
in addition to a transfer of spectral weight from out-
side the superconducting gap (|ω|/T 0K > ∆) to inside
of it (|ω|/T 0K < ∆). As ΓS further increases, and spec-
tral weight keeps accumulating at and around ω = EF ,
the original broad Fano antiresonance splits in two nar-
rower ones, which tend to localize at ±∆ when ΓS > T
0
K
5and the original Fano antiresonance centered around the
Fermi energy becomes a resonance. Fig. 2(b) displays the
local density of states for the lateral quantum dot QD1.
It can be clearly seen for the smallest finite values of ΓS
(ΓS = 0.25T
0
K , [long dashed (red) line]) that the LDOS
shows a Lorentzian line-shape, centered around the Fermi
energy, with two dips located at the edge of the super-
conducting gap ω = ±∆, which are due to the presence
of the SC lead. As ΓS increases, the original peak starts
to split into two broad peaks [ΓS = 0.8T
0
K, dashed (ma-
genta) line], while for ΓS > T
0
K a pseudo gap is formed
around the Fermi energy with a double-peak structure in-
side the gap originating from the superconducting prox-
imity effect. This double peak structure becomes sharp
for ΓS ≫ T
0
K indicating the formation of the Andreev
bound states. The change in the LDOS of QD1 from a
single resonance to two Andreev resonances [Fig. 2(b)]
clearly characterizes the crossover between the dominant
couplings at the QD, which occurs around ΓS ≈ T
0
K .
Both QD’s LDOS, as a function of the energy and the
coupling with the SC lead, are shown in Fig. 2(c) (QD2)
and (d) (QD1). We can clearly observe the formation and
evolution of the Andreev bound states in QD1 [panel (d)]
as ΓS increases. Figure 2(c) clearly shows the crossover
region between the two regimes defined by the prevail-
ing coupling in QD2: ΓS ≈ T
0
K separates the regions
where the Fano-Kondo (ΓS < T
0
K) and the Andreev-
Kondo (ΓS > T
0
K) effects are dominant. The last as-
sertion is general for ∆ << T 0K and ∆ >> T
0
K . Initially,
the continuum density of states in the QD1 is due to
the coupling with QD2 where there is a Kondo state, as
the coupling between the QD1 and S-lead is turned on,
Andreev bound states begin to form in QD1. As ΓS in-
creases the Andreev bound state are split in two peak
centered around ±ΓS/2, however if ΓS > ∆ the Andreev
bound states tend to localize at the edge of the super-
conducting gap ±∆.
Figs. 3(a) and (b) display the transmission from nor-
mal left-right leads and the Andreev transmission, re-
spectively. The transmission from L to R [Fig. 2(a)]
shows a very similar behavior to the QD2 LDOS. Like in
that figure, the initial Fano antiresonance (ΓS = 0) be-
comes a resonance centered around Fermi energy as ΓS
increases. This resonance is accompanied by two Fano
antiresonances that tend to be positioned at ω = ±∆
when ΓS > T
0
K . These resonances have identical shapes
but an opposite sign of the imaginary asymmetry Fano
parameter q. Fig. 3(b) displays the Andreev transmis-
sion as a function of the energy for several values of
the coupling ΓS . When ΓS is small (∼ 0.1T
0
K) the hy-
bridization between the system and the superconductor
is negligible and the Andreev transmission presents two
small peaks originating from the Andreev bound states
of QD1. When ΓS is gradually increased but still smaller
than T 0K , we can see a peak centered around zero en-
ergy that emerges for ΓS = 0.25T
0
K and reach its largest
value around ΓS ≈ T
0
K . When ΓS > T
0
K , the broad peak
in the Fermi energy splits and a double-peak structure
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FIG. 3. (Color Online) Transmission from L to R-lead and
Andreev transmission for ǫ1 = EF = 0, ǫ2 = −3.5ΓL, ∆ =
0.5T 0K , t = 0.02ΓL and ΓR = ΓL. a) Transmission from L
to R-lead and b) Andreev transmission for several values of
ΓS: Blue solid line corresponds to ΓS = 0.25T
0
K , ΓS = 0.5T
0
K
[long dashed (red) line], ΓS = 0.8T
0
K [dashed (magenta) line],
ΓS = 1.5T
0
K [dotted dashed (green) line], ΓS = 3T
0
K [double
dotted dashed (orange) line] and ΓS = 10T
0
K [dotted (black)
line]. Panels c) and d) shows the density plot for the normal
transmission and Andreev transmission, respectively.
appears. These two broad peaks evolve into two sharp
peaks as ΓS become larger than T
0
K . These peaks are
associated to the Andreev bound states. Figures 3(c)
and (d) show the density plots for normal and Andreev
transmission, respectively. It is important emphasize the
fact that in the crossover regions (ΓS ≈ T
0
K) the Andreev
transmission reaches its maximum value as can be seen in
Fig. 3(d). Outside this region the formation of Andreev
bound states take place. As we pointed out in a previous
work by some of the authors38, it is important to high-
light that the resonances exhibited in the Andreev trans-
mission for ΓS > T
0
K [Fig. 3(b)] are centered in the same
position as the Fano antiresonances in the transmission
from L to R [Fig. 3(a)]. Therefore, this suggests, that
there is a correlation between a Fano antiresonance in
the normal transmission and the Andreev bound states.
This correlation was called ‘Fano-Andreev effect’38 and
as our current result show, it is robust against the intro-
duction of correlation between electrons, like the Kondo
effect.
Fig. 4 shows results for the normal differential con-
ductance [Fig. 4(a)] and the Andreev differential con-
ductance [Fig. 4(b)] as a function of the corresponding
applied bias voltage. As expected, the normal differ-
ential conductance in Fig. 4(a) resembles the LDOS of
QD2 [Fig. 2(a)]. For small values of ΓS , the differen-
tial conductance shows two small kinks at VLR ≈ T
0
K/2
as a consequence of the hybridization with the S-lead.
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FIG. 4. (Color Online) a) Normal differential conductance
and b) Andreev differential conductance for several values of
ΓS: ΓS = 0.25 ([solid (blue) line], ΓS = 0.5T
0
K [long dashed
(red) line], ΓS = 0.8T
0
K [dashed (magenta) line], ΓS = 1.5T
0
K
[dotted dashed (green) line], ΓS = 3T
0
K [double dotted dashed
(orange) line], ΓS = 10T
0
K [dotted (black) line].
With further increasing of ΓS , the initial Fano antires-
onance develops into a peak at the Fermi energy and,
as a consequence, a double Fano antiresonance structure
emerges, which can be associated to the Andreev bound
states. Results for the Andreev differential conductance
can be seen in Fig. 4(b). As ΓS increases, the Kondo
resonant peak at zero voltage clearly appears and the
amplitude of the conductance increases. The zero-bias
Andreev differential conductance starts to decrease after
the crossover region (ΓS > T
0
K). With further increase
of ΓS , the zero-bias Andreev differential conductance is
strongly suppressed and the distance between the An-
dreev bound states peaks is augmented.
The results presented up to now were obtained for
a small value of the superconducting gap ∆ = T 0K/2.
As Kondo temperatures for quantum dots are reason-
ably small energy scales (less than 1K), in compari-
son with superconducting gaps of BCS superconductors
(which can be as high as 10K), it is of interest to an-
alyze the large gap limit ∆ → ∞, in which only the
off-diagonal terms of the superconductor self-energy (16)
are preserved tending to the static value39 −ΓS/2. In
this approximation the normal transmission, TLR, and
Andreev transmission, TA, can be written as
TLR(ω) = Γ˜LΓ˜R
(ω2(ω2 −
Γ2
S
4 − t˜
2)2 + Γ˜
2
4 (ω
2 −
Γ2
S
4 )
2
((ω2 − Γ˜
2
4 )(ω
2 −
Γ2
S
4 )− 2 t˜
2ω2 + t˜4)2 + Γ˜2ω2(ω2 −
Γ2
S
4 − t˜
2)2
,
TA(ω) =
Γ˜2L
(
ΓS
2 t˜
2
)2((
ω2 − Γ˜
2
4
)(
ω2 −
Γ2
S
4
)
− 2 t˜2ω2 + t˜4
)2
+ Γ˜2ω2
(
ω2 −
Γ2
S
4 − t˜
2
)2 ,
and the results obtained with these expressions are dis-
played in Fig. 5, where it is observed a similar behavior
to the finite ∆ case. We can clearly see that the origi-
nal Fano antiresonance in the normal transmission [panel
(a)] splits into two Fano line-shapes centered around
±ΓS/2. The results for the Andreev transmission [panel
(b)] show that the small peak around the Fermi energy
[ΓS = 0.25T
0
K, solid (blue) curve] increases up to unity
for ΓS = 0.8T
0
K [long dashed (red) curve], and then it
splits into two peaks corresponding to the Andreev bound
states. As the coupling between QD1 and the SC lead
is turned on, two Andreev bound states are induced in
the quantum dot QD1, however if the separation between
them is less than the Kondo temperature only one An-
dreev state is visible in the Andreev transmission. As the
separation between the Andreev bound states is greater
than the Kondo temperature, it is possible to observe
both states in the Andreev transmission, after a crossover
between both regimes.
In order to get a better insight about the different
transmission mechanisms occurring in this system, we
take the limit of small coupling between dots t˜ ≪ Γ˜L
and ΓS ≈ Γ˜L. Then, the normal and the Andreev trans-
mission can be written approximately as
TLR(ω) ≈
|ε+ q|2
ε2 + 1
1
ξ2 + 1
,
TA(ω) ≈
1
ε2 + 1
,
with ε = (|ω| − ΓS/2)/η, η = t˜
2/(Γ˜/2), q = (1 + 2i)/4
and ξ = ω/(Γ˜/2). From the above equations we can see,
on one hand, that the normal transmission is a convolu-
tion of a Breit-Wigner line-shape (centered at the Fermi
energy, and with width T 0K) and Fano line shape (with
a complex q-parameter, centered in ±ΓS/2 and with a
width η). On the other hand, the Andreev transmis-
sion is a superposition of two Breit-Wigner lines shapes,
centered at ±ΓS/2, and with a width η. It is worth not-
ing that the Andreev bound states in the side attached
quantum dot (QD1) get a width through the continuum
of the embedded quantum dot (QD2), which is in the
Kondo regimen.
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FIG. 5. (Color Online) a) Transmission from L to R-lead and
b) Andreev transmission in the limit of large gap (∆→∞) for
ǫ1 = 0, ǫ˜2 ≈ 0, t = 0.02ΓL and ΓR = ΓL, for different values
of ΓS: ΓS = 0.25 [solid (blue) line] , ΓS = 0.8T
0
K [long dashed
(red) line] , ΓS = 3T
0
K [dashed (magenta) line], ΓS = 5T
0
K
[dotted dashed (green) line) and ΓS = 10T
0
K [dotted (black)
line]
SUMMARY
In this work, we have investigated the electronic trans-
port properties through a T-shape double quantum dot
coupled to a hybrid charge reservoir comprised of two
normal and one SC lead (see Fig. 1). The interplay
between Kondo and proximity effect was studied con-
sidering a strong intradot Coulomb interaction U in the
embedded quantum dot. We found that the Kondo res-
onance is modified by the Andreev bound states which
manifest themselves through Fano antiresonances in the
local density of states and normal transmission. Hence,
there is a correlation between Andreev bound states and
Fano resonances that remains even in the presence of
electron-electron interaction. We have also found that
the dominant couplings at the quantum dots are charac-
terized by a crossover region that defines the range where
the Fano-Kondo and the Andreev-Kondo effect prevail in
each QD. This conclusion is general for an arbitrary su-
perconductor gap ∆ (∆ << T 0K and ∆ >> T
0
K). Finally
we found that the interplay between Kondo and Andreev
bound states has a notable influence on the Andreev dif-
ferential conductance.
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Appendix A: Derivation of TLR and TA in the large
gap limit (∆ −→∞)
As shown in our previous work38 the Green’s functions
for QD1 and QD2 can be determined from the following
set of coupled equations
G−11 (ω) =
[
ω + ı˙
ΓS
2
ρ (ω)
]
I− ǫ1 σz − ı˙
ΓS
2
ρ (ω)
∆
ω
σx
− t˜2G2bare (ω) , (A1)
G−12 (ω) =
ω + ı˙
(
Γ˜L + Γ˜R
)
2
 I− ǫ˜2σz − t˜2G1bare (ω) ,
(A2)
where I is the identity matrix, σx, σz denote the usual
Pauli matrices, and ρ (ω) is the modified BCS density of
states ρ (ω) =
[
−ı˙ ω θ(∆−|ω|)√
∆2−ω2 + |ω|
θ(|ω|−∆)√
ω2−∆2
]
. In eqs. (A1)
and (A2), G1bare and G2bare refer to the “bare” Green’s
function of the systems constituted by SC − QD1 and
L−QD2−R, respectively. Using the Dyson equations
[Gr1bare]
−1
= [gr1 (ω)]
−1
−ΣrS , (A3)
and
[Gr2bare]
−1 = [gr2 (ω)]
−1 −ΣrL −Σ
r
R, (A4)
where the (unperturbed) Green’s function for the side-
attached quantum dot is given by
[gr1 (ω)]
−1
=
(
ω − ǫ1 0
0 ω + ǫ1
)
, (A5)
and for the embedded quantum dot by
[gr2 (ω)]
−1
=
(
ω − ǫ˜2 0
0 ω + ǫ˜2
)
. (A6)
The retarded self-energies for the normal leads, L and
R, and for the SC lead, are given in equations (15) and
(16), in the main text. In the large gap limit ∆→∞, the
modified BCS density of states ρ (ω) becomes in ρ (ω) =
−ı˙ ω∆ . As a consequence, in the large gap limit, ΣS is
given by
ΣrS = −
ΓS
2
(
0 1
1 0
)
. (A7)
8Replacing equations (A5), (A6), (15), and (A7) in
G−11 (ω) and G
−1
2 (ω), we obtain the Green’s functions
for QD1 and QD2. It is straightforward to show that
G2,11 and G2,12 are given by
G2,11 (ω) =
1
D
(
(ω + ǫ˜2) + ı˙
Γ˜
2
−
t˜2 (ω − ǫ1)
(ω2 − ǫ21)
(
ΓS
2
)2
)
,
(A8)
and
G2,12 (ω) = −ı˙
1
D
(
Γs
2
t˜2
(ω2 − ǫ21)−
(
ΓS
2
)2
)
, (A9)
where,
D =
(
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)
−
(
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2
)2
−
t˜2 (ω − ǫ1) (ω − ǫ˜2)
(ω2 − ǫ21)−
(
ΓS
2
)2
−
t˜2 (ω + ǫ1) (ω + ǫ˜2)
(ω2 − ǫ21)−
(
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2
)2 + t˜4
(ω2 − ǫ21)−
(
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2
)2
+ ı˙ Γ˜ω
(
1−
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(ω2 − ǫ21)−
(
ΓS
2
)2
)
. (A10)
Finally, setting ǫ1 = ǫ˜2 = 0 in equations (A8), (A9),
and (A10), we get the expressions for TLR and TA given
in page 6:
TLR(ω) = Γ˜LΓ˜R
(ω2(ω2 −
Γ2
S
4 − t˜
2)2 + Γ˜
2
4 (ω
2 −
Γ2
S
4 )
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2
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S
4 )− 2 t˜
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,
TA(ω) =
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2
4
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S
4
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